A range of molecular techniques is available to assess fungal diversity in natural environments. These include denaturing gradient gel electrophoresis (DGGE), temperature gradient gel electrophoresis (TGGE), single-strand conformation polymorphism (SSCP), terminal restriction fragment length polymorphism (T-RFLP), amplified rDNA restriction analysis (ARDRA), amplified ribosomal intergenic spacer analysis (ARISA) and cloning. The techniques, polymerase chain reaction (PCR) primers for environmental work and their potential limitations are discussed in this review, together with applications for describing the diversity of filamentous marine fungi associated with their substrata. It is unlikely that a single technique can be used to assess all aspects of diversity, however the limited number of studies with a molecular approach has demonstrated that marine substrata contain a greater fungal diversity than previously recognised. These studies have also shown that it is important to combine mycological and molecular approaches to accurately assess diversity.
Introduction
Marine fungi comprise a small, ecologically defined group of primarily filamentous ascomycetes, their anamorphs, and yeasts (Kohlmeyer and Kohlmeyer 1979 , Kohlmeyer and Volkmann-Kohlmeyer 1991 , Fell and Newell 1998 , Hyde et al. 2000 . The ecological importance of filamentous fungi in marine systems is often underestimated or ignored completely (see Herndl and Weinbauer 2003) , and yet these organisms represent a diverse range of saprobes, pathogens and symbionts that form an integral part of coastal systems (Hyde et al. 1998) . While other reviews have already dealt with methods used to study the culture-based diversity of marine fungi on various substrata (marine animals: Rand 2000; woody tissues, leaves, fruits, seagrasses, algae, seaweeds, animal exoskeletons, keratinaceous substrates, sediments, sea foam, seawater : Vrijmoed 2000) , here, we review knowledge (from traditional mycological and molecular perspectives) of filamentous fungal diversity associated with different marine and related substrata.
Fungal diversity and the marine environment: the challenge
The interactions between microbial diversity and ecosystem function are not well understood. In particular, it is unclear how population stability and metabolic function are related to diversity (Fuhrman and Campbell 1998, Sankaran and McNaughton 1999) . Assessing fungal diversity accurately, encompassing phylogenetic diversity, species richness and evenness, is the first step towards modelling fungal community dynamics in terms of species redundancy, species spatial and temporal distributions, and nutrient cycling. Such models are essential for the efficient management and conservation of agrarian, forest and marine environments that are economically important.
The problems associated with determining fungal diversity accurately have been highlighted in a number of reviews dealing with terrestrial systems (Kowalchuk 1999 , Bridge and Spooner 2001 , Horton and Bruns 2001 , Anderson and Cairney 2004 . Similar limitations also apply to the identification, isolation and quantification of fungi from marine environments, with the additional complication of distinguishing between transitory and native forms. Fungi isolated from marine environments have been considered traditionally to be either obligate, where growth and reproduction occur exclusively in a marine system, or marine-derived (facultative) (Kohlmeyer and Kohlmeyer 1979, Kohlmeyer and Volkmann-Kohlmeyer 2003a) . The distinction between these states is not always clear, however, as many marine-and maritimederived fungi can grow in saline conditions. Defining a fungus as an obligate marine species, therefore, has relied upon direct microscopic observation of morphological, particularly reproductive structures, growing on the substrata (Hyde et al. 2000, Kohlmeyer and Volkmann-Kohlmeyer 2003b) .
Diversity assessments based on the identification of sexual and asexual fruiting bodies alone are likely to be incomplete for several reasons: the inability of some fungi to grow or fruit in culture or on substrata, differential rates of sporulation, the presence of unrecognised multiple life cycle forms, and the limitations of distinguishing between species with similar morphologies. Many marine fungi do not sporulate well in culture or on substrata (Jones and Hyde 2002) . Furthermore, the formation of fruiting structures is a complex process depending upon a variety of physical and biological factors that are species-specific, most of which are unknown for the majority of marine fungi (Jones 2000, Jones and Hyde 2002) . Fruiting may be encouraged by the incubation of substrata in moist chambers Hyde 1988, Hyde and , but this practice can change the community structure, and favours the sporulation of certain fungi over others (Hyde 1992) .
Culture-based diversity assessments can also suffer from similar spore-related identification problems, as well as exhibiting biases in isolate recovery. Such biases result from unknown culturing conditions, competitive interference and over-growth by other fungi (Hyde et al. 2000 , Panebianco et al. 2002 . The situation is further exacerbated by the presence of sterile mycelium that cannot be identified using traditional methods. Many reports have highlighted these and other problems associated with traditional mycological approaches when studying interference competition (Panebianco et al. 2002) , the delimitation of geographical distributions (Steinke and Jones 1993 , Volkmann-Kohlmeyer and Kohlmeyer 1993 , Schmit and Shearer 2004 , the definition of host specificity or substratum preference (Steinke and Jones, 1993 , Tan et al. 1995 , Petersen and Koch 1997 , Schmit and Shearer 2004 , and succession patterns of marine fungi (Booth 1979 , Vrijmoed et al. 1986 , Tan et al. 1989 , Sarma and Hyde 2001 .
Culture-independent techniques (Amann et al. 1995 ) offer alternative, but not mutually exclusive, ways for fungal identification and for monitoring communities. These methods are entirely molecular and, as such, they provide a potential link between ecological processes and the organisms involved. The incorporation of molecular information into diversity studies, therefore, offers the possibility of defining fungal communities accurately, studying fungal-host interactions directly in the environment and identifying ecologically active groups.
Molecular approaches to determine fungal diversity
Molecular methods are currently used to indicate, or suggest, the identity of uncultured organisms. In particular comparison of PCR-amplified ribosomal RNA genes sequences, in conjunction with screening strategies, such as restriction profile analysis and/or nucleic acid hybridisation analysis, permits rapid assessment of diversity (Ferná ndez et al. 1999) . A variety of molecular techniques is available to separate DNA or RNA molecules PCR-amplified from environmental sources (Figure 1 ), or to type fungal mycelium genetically. These methods and their underlying theoretical bases are given in Table 1 . 
Jumpponen 2003
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The single-stranded products are run in a nondenaturing acrylamine gel. The pattern can be used to reflect community structure. Individual bands can be sequenced and analysed phylogenetically.
Terminal restriction fragment length Few studies have attempted to use these techniques on fungi in marine or marine-related environments (Kowalchuk et al. 1997 , Buchan et al. 2002 , 2003 , Zuccaro et al. 2003 . All the techniques listed in Table 1 can be used to answer various ecological questions about marine fungal community structure, although some are more informative than the others. By comparing community banding patterns, and subsequent multivariate analysis, ARDRA, ARISA, DGGE/TGGE, SSCP and T-RFLP can be used to investigate:
(1) changes in total, rather than culturable diversity, of marine fungi, (2) whether different substrata support different assemblages of marine fungi, (3) whether succession occurs in situ in the marine environment, and when baiting techniques are used, (4) seasonal and spatial variations of marine fungal communities, (5) the geographical distribution of marine fungi and (6) the population biology of pathogens, parasites and symbionts infecting marine organisms.
Being automated through the use of fluorescent DNA primers, ARISA and T-RFLP have the advantage of a greater sample-screening efficiency, but they are not problem-free.
As the ARISA technique is based on the size difference of the intergenic spacer (ITS) regions of the rRNA gene cluster, fungi of the same size (especially closely related taxa) are likely to be interpreted as one entity. Furthermore, the gel bands cannot be recovered in ARDRA, ARI-SA or T-RFLP, making it difficult to relate changes in community profile with community composition. The fungal taxonomic groups of the community, therefore, cannot be easily determined using these techniques wexcept by inference, using an a priori knowledge of length heterogeneities exhibited by known isolates or sequenced clones retrieved from the environment, or by using multiple restriction enzymes (Dunbar et al. 2001) x. In bacteriology, the development of T-RF prediction algorithms for T-RFLP analysis has helped automate the process of linking phylogenetic information to profiles (Kent et al. 2003) , but the application of similar systems for fungi is limited by the lack of suitable deposited sequences in databanks. Buchan et al. (2003) used T-RFLP to identify the dominant fungal assemblages of Spartina alterniflora Lois. detritus at two decomposition stages, and they found the terminal restriction fragments were informative at the species level. In conjunction with T-RFLP, an ITS rDNA clone library was constructed to identify the fungi on the leaf blades of S. alterniflora (Buchan et al. 2002) .
DNA fragments can be excised and sequenced in DGGE/TGGE and SSCP, making sequence-based identification of them possible, as in gene cloning. Kowalchuk et al. (1997) adopted the DGGE approach to examine the root-inhabiting fungal pathogen causing the dying-out of marram grass wAmmophila arenaria (L.) Linkx, an important coastal plant stabilising sand dunes in the Netherlands, where it was difficult to identify these fungi morphologically. Zuccaro et al. (2003) used the same technique to investigate the fungal community associated with the healthy and dead fronds of Fucus serratus L.
Identification of electrophoretic bands and cloned fragments is important as many PCR primers combinations are capable of amplifying conserved sequences from other eukaryotic organisms.
DGGE and T-RFLP have been used commonly to study fungal community structure (Smit et al. 1999 , van Elas et al. 2000 , Anderson et al. 2003b , Brodie et al. 2003 , Gomes et al. 2003 . Both of these methods can over-and underestimate the level of diversity because of the presence of cross-kingdom PCR amplifications, heterogeneous bands (a result of co-migrating fragments) and incomplete band resolution (Kowalchuk et al. 1997 , Marshall et al. 2003 , Nikolcheva et al. 2003 , Ö pik et al. 2003 ). These problems make necessary cloning, sequencing and analysis of the PCR products when employing these techniques.
The construction of gene libraries from an environment provides information on the frequency with which a particular sequence or phylotype occurs in a PCR-dependent or independent way. DNA or cDNA-based cloned environmental libraries can also be screened for proteincoded sequences. The number of clones required to generate an environmental library depends upon the complexity of the system under study. Horton and Bruns (2001) , Martin (2002) , Anderson et al. (2003b) , Stach et al. (2003) , Anderson and Cairney (2004) and Schloss et al. (2004) have discussed details of estimating rarefraction and coverage for such libraries, and the statistical tests used when comparing libraries. The main drawback to creating a gene library for any environment is the time and cost it takes to analyse the sequences. This limits the number of replicates and sample libraries that can be made realistically in a study, and may lead to an underestimation of rare but important species.
The identification of a retrieved environmental sequence, from either a cloned library or excised electrophoresis band, relies upon homology similarity searches of databases (GenBank, EMBL, Ribosomal RNA databases) and subsequent phylogenetic analysis to chart the presence of novel groups. Estimating the genetic relatedness between sequences helps to determine whether there is phylogenetic redundancy amongst the retrieved fragments and determine whether they represent unique or diverse signals (Martin 2002) . Measurements of phylogenetic diversity, species richness and species evenness allow testing of inferences about the processes that may govern environmental diversity.
The level of identification obtained depends upon the gene targeted and the taxonomic representation of sequences deposited in the databases. Ribosomal RNA genes and the associated internal transcribed spacer (ITS) regions predominate sequences present in databases, and it is these that are usually targeted in environmental studies. At present, not all fungal taxa and ribosomal RNA genetic regions are represented equally in the databases (Bruns 2001 ), which can limit the level of taxonomic resolution gained from sequence information. Furthermore, the taxonomic identifications of some sequences deposited in the databases are questionable (Bridge et al. 2003 ). These problems can be circumnavigated, to a certain degree, by generating a fungal culture collection from the environment under investigation (Buchan et al. 2002 , Zuccaro et al. 2003 . Although such collections may represent a biased diversity (Allen et al. 2003 , Zuccaro et al. 2003 , they do provide a basis for sequence comparison, as well as further phylogenetic analysis and physiological/biochemical work.
All regions of the ribosomal RNA gene cluster have been used to study molecular diversity of fungi. A popular choice in early studies (Kowalchuk et al. 1997 , Loeffler et al. 1999 , Smit et al. 1999 , Borneman and Hartin 2000 , Vainio and Hantula 2000 , van Elas et al. 2000 , May et al. 2001 , Schabereiter-Gurtner et al. 2001 ) was the nuclear small subunit rRNA gene. This region, however, limits taxonomic resolution to the family level and above (Horton and Bruns 2001) , except for the arbuscular fungi (De Souza et al. 2004 ). The nuclear large subunit rRNA gene provides greater sequence variation, thus increased resolution at lower taxonomic ranks, but it has been used in few studies (van Tuinen et al. 1998 , Taylor and Bruns 1999 , Mö hlenhoff et al. 2001 , Schadt et al. 2003 , Zuccaro et al. 2003 . The ITS regions are the least conserved of this genetic cluster, providing sequences capable of species or strain resolution, but they can be difficult to align unambiguously for analysis of broad taxonomic groups (Horton and Bruns 2001) . Nevertheless, this region can be extremely variable allowing the detection of a greater number of phylotypes than the other regions of the rRNA gene cluster (Lord et al. 2003) .
The complexity of PCR analysis and the time taken to identify a large number of environmental sequences highlight the need to develop high-throughput screening methods that can help link ecological processes with community structure and composition. Nucleic acid hybridisation techniques using fluorescence-tagged probes provide approaches that are sensitive and avoid the problems associated with PCR amplification. Micro-and macro-array technology are high-throughput hybridisation systems that have been developed from genome sequencing projects to study gene transcription (Lorenz 2002 , Luo et al. 2005 , but which have applications in ecology. In general, sequence information is a prerequisite for the design of hybridisation probes, although a sequencing-independent method does exist for bacteria (Bertilsson et al. 2002) . Identifying fungal sequences using array-based technology has been attempted targeting ribosomal RNA genes from soil-extracted DNA. The oligonucleotide fingerprinting of rRNA genes (OFRG) comprises a series of 27 hybridisation probes that could discriminate between 616 fungal nuclear small subunit (nuSSU) rDNA sequences. By performing a series of hybridisation reaction on a nylon membrane, it was possible to segregate 115 out of 117 clones, from a soil gene library, into their phylogenetic clades (Valinsky et al. 2002) . Kiesling et al. (2002) described a hybridisation macroarray method to distinguish marine yeasts, which are difficult to identify morphologically. The D1-D2 region of the large subunit rDNA from pure cultures was amplified and variable areas were used to design speciesspecific probes. These probes containing poly-T tails were attached to the wells of a microtitre plate. Concurrently, the same gene region was amplified from unknown yeast cultures using biotin-labelled universal primers and subsequently, hybridised to the probes. Based on a colorimetric assay (streptavidin-HRP and HRP substrate reaction), the development of a yellow colour indicated hybridisation, i.e., sequence identification. This method was also tested using DNA directly extracted from seawater in the same study.
PCR primers for environmental studies
A crucial stage of molecular diversity assessments is the PCR amplification step. Fungal specificity of the primer pairs is important at this juncture to allow selective, or enriching, amplifications from mixed-origin sequences. Many primer combinations for the ribosomal RNA genes and spacer regions have been used in this context. Table  2 lists a range of primer combinations employed to amplify the nuclear small and large rRNA subunit gene sequences and the ITS regions in environmental studies. It is common practice to use a nested or semi-nested PCR approach where the first set of primers exhibits a broad host-template annealing range while the second set is more fungal-specific Rosendahl 2000, Anderson and Cairney 2004) . This approach can increase the sensitivity of amplification, which is important when assaying substrata that have a low fungal diversity or low target concentration, but it can be subject to carry-over contamination. Many of the primers listed in Table 2 were designed for specific purposes or to enhance fungal sequence amplification preferentially. The primers described by White et al. (1990) were designed to be generic, whereas other primer combinations were constructed for use in particular environments or with specific molecular techniques, such as denaturing gradient electrophoresis (DGE). Zuccaro and Mitchell (2005) listed the nested combinations and the molecular conditions used to separate the mixed PCR products.
The degree of fungal specificity varies enormously for individual primers. In many instances this is a design consequence of (1) using nested or semi-nested PCR where the second set of primers exhibits more fungal specificity, (2) the availability of suitable sequences for comparison when the primers were originally constructed, (3) the necessity to use highly conserved sequences for amplification and (4) the original purpose for which the primers were used. In an attempt to highlight the differences in specificity of each primer, exact BLAST searches were performed for all primers listed in Table 2 . Table 3 shows a summary of the taxonomic identifications recovered for each primer listed in Table 2 after BLAST searches recording 1000 hits. Matching homologies with sequences from other organisms were displayed to some extent for most of the primers. Not surprisingly the nuSSU primers, in general, exhibited the least number of fungal homology matches, whereas the nuclear large subunit (nuLSU) and ITS primers had higher hit rates for fungal sequences. Some of the matches recorded may reflect homologies to sequences that are from either chimaeric, non-voucher or misidentified sequence sources present in the database. However, it is of concern when the primer displays homologies to a wide range of taxa. *: a number of primers named NS21 and FR1 exist in the literature. †: originally described as primer 1860 by Elwood et al. (1985) . P: paper describing the primer. E: paper where the primer combination has been used in an environmental study. G: universal. DGE: where the product of the primer combination amplification has been separated using denaturing gradient electrophoresis. T-RFLP: where the product of the primer combination amplification has been separated using terminal restriction fragment length polymorphism analysis.
PCR reactions using some of these primers combinations are prone to observable cross-kingdom amplifications (Anderson et al. 2003a , Zuccaro et al. 2003 , Green et al. 2004 ; the degree to which this occurs will depend upon the primer set used, the primer annealing conditions employed and the complexity of the mixed DNA template (Klamer et al. 2002 , Zuccaro et al. 2003 . Some of these primer sets can also display an amplification bias produced when they preferentially anneal to certain templates more than others (Anderson et al. 2003a) . Such biases and cross-kingdom amplifications can skew diversity assessments. It is advisable, therefore, to compare the homology of the primer set against sequences from other organisms known to be present in the study site, or their substrata, and test them experimentally prior to use. In many instances it is worthwhile to compare the sequences amplified from environmental sources with those from voucher and type species. Alignment checks allow potential chimaeric molecules to be identified, while phylogenetic analyses help identify the presence of genuine novel groups. Molecular diversity assessments also benefit by using more than one primer set so that any potential bias may be detected (Anderson et al. 2003a , Zuccaro et al. 2003 .
The primers encompassing the ITS-5.8S rDNA region are a popular choice for many researches investigating fungal diversity, or genotyping fungal mycelia and fruiting structures associated with substrata. The primer combinations described by Gardes and Bruns (1993) and Larena et al. (1999) were designed to preferentially amplify basidiomycetous and ascomycetous sequences respectively from plant material, particularly roots. These primers (ITS1-F, ITS4-A and ITS4-B) have also been successfully adopted for use with techniques such as ARDRA, DGE and T-RFLP (Klamer et al. 2002 , Anderson et al. 2003b ). Martin and Rygiewicz (2005) described novel primer combinations for this region that co-amplified sequences from the Dikaryomycota, thereby allowing a simultaneous assessment of basidiomycetes and ascomycetes. These authors also described primer combinations specific to plant sequences that can be used to test environmental PCR products for their presence. Other primers wdesigned to amplify from the 3-prime (reverse) sequence in conjunction with primer ITS5x have been published that target the ITS-5.8S rDNA regions from the Zygomycota and Oomycota (Nikolcheva and Bä rlocher 2004) .
The nuLSU primer combinations have been designed primarily to amplify the D2 region of the molecule. This region is the second most variable domain of the molecule, after domain 8 (Hopple and Vilgalys 1999) , and it is the one that is commonly deposited in databases for this gene. These primers may be of use in environmental and taxonomical studies where there is a lack of sequence and culture information on the fungi likely to be encountered. Such situations exist when fungi are in close association with their host and cannot be cultured independently. Under these circumstances it may not be possible to obtain an accurate sequence identity after homology searches, and a broad-based phylogenetic analysis is required to ascertain the taxonomic position of the sequence. An example of this type of analysis was the taxonomic placement of Spathulospora sequences, amplified from algal herbarium specimens, within the Lulworthiales (Inderbitzin et al. 2004) . In this instance the PCR products were used in an attempt to help classify the origin of these fungi, but it is also possible for them to be incorporated in an environmental study where the aim is to identify major fungal groups associated with a substratum. Two new primers (LP5F and LP10R) were designed to amplify fungal large subunit (LSU) rDNA sequences from wood-extracted DNA (Figures 2 and 3) . A positive PCR signal was obtained only with fungal DNA wOkeanomyces cucullatus (Kohlm.) K.L. Pang et E.B.G. Jonesx when they were tested against a range of organisms (Figure 2 ). This primer pair was able to specifically amplify fungal DNA in an environmental DNA mixture extracted from various species of wood (K.L. Pang and J.I Mitchell unpublished). The fungal sequences identified were for ascomycetes and it is not known whether these primers exhibit any bias.
Extraction of nucleic acids from environmental sources
The source and type of nucleic acid extracted from the environment are of importance when considering fungal diversity. In many studies, particularly those concerning soil or sediment, the researchers analysed bulk-extracted DNA or RNA where it was assumed that this would represent actively growing eukaryotic cells. The source of the nucleic acid is often unreported, however, and the resulting diversity assessments often appear to be spatially or temporally limited (Smit et al. 1999 , Dickie et al. 2002 , Girvan et al. 2004 . Although these diversity assessments might be the result of PCR bias, they could also reflect the extraction methods used as soils and sediments have different structures. The susceptibility of different fungal propagules to different DNA extraction protocols can vary depending on the structures and substrata with which they are associated. Furthermore, it is not possible to differentiate between spore and mycelium using ribosomal RNA as both contain these molecules (Osherov et al. 2002) . Extracting nucleic acids from substrata that are important fungal habitats, such as roots and seeds, provides one route to target active fungal populations (Kline and Paschke 2004) . This approach limits the complexity of the nucleic acids mixture, thereby reducing the problems of cross-kingdom PCR amplifications. The alternative is to target fungal propagules directly by extracting nucleic acids from sporulating structures and separated mycelium.
Molecular diversity of filamentous fungi associated with marine and maritime substrata
A variety of marine environments has been studied using traditional methods (including microscopic observation, direct culturing of fungi from substrata and baiting techniques), but few have been selected for molecular analysis. The types of environments studied include: oceanic water columns, mangrove systems, estuary areas, salt marshes, peat swamps, sandy and rocky beaches, and the deep sea. Marine fungi have also been isolated from saline lakes (Davidson 1974) . The substrata examined in these studies include: driftwood, timbers, mangrove wood and leaves, algae, marsh plants and marine animals (Byrne and Jones 1974 , Kohlmeyer 1977 , Kohlmeyer and Kohlmeyer 1979 , Kohlmeyer et al. 1995 , Sarma and Hyde 2001 , Kohlmeyer and Volkmann-Kohlmeyer 2003b . From these substrata, traditional work has concentrated primarily on fungi colonising wood Petersen 1996, Sarma and Hyde 2001) , while molecular studies have been performed on senescing cord grass (Spartina alterniflora) from a salt marsh (Buchan et al. 2002 , and on the interactions between fungi and the brown alga, Fucus serratus (Zuccaro et al. 2003, Zuccaro and Mitchell 2005) . Salt marshes are model systems for studying detritusbased ecosystems and their decomposer communities. Fungal and bacterial communities mediate the transformation of organic material in these systems in discrete partitions (Newell et al. 1989) . During the fungus-dominated stage, the two most prevalent species associated with Spartina alterniflora are Phaeosphaeria spartinicola Leuchtm. and Mycosphaerella species; other species such as Phaeosphaeria halima (T.W. Johnson) Shoemaker et C.E. Babc., Buergenerula spartinae Kohlm. et R.V. Gessner and various mitosporic forms are also regularly detected. Buchan et al. (2002 Buchan et al. ( , 2003 constructed an ITS database from 35 fungal isolates and 52 environmental clones to identify T-RFLP peaks obtained from the blades of cord grass. All of the commonly recognised species were present as peaks in the T-RFLP profiles, with cryptic strains identified related to the Mycosphaerella species. Differences in T-RFLP profiles for P. halima and an unidentified isolate were observed when the early and late stages of blade decomposition were compared, with P. halima appearing generally earlier than the unidentified isolate. The results obtained from molecular techniques agreed with those from examining ascospore expulsion rates and ergosterol concentration (Newell 2001) .
A different molecular approach was adopted by Zuccaro et al. (2003) to study the fungi associated with Fucus serratus. Submerged algal thalli were collected, from which fungi were cultured and DNA extracted. An initial culture library of 116 isolates, representing 24 genera, was used to define the PCR-DGGE conditions needed to separate fungal small subunit (SSU) and LSU rDNA sequences amplified directly from total DNA extracted from the alga. Environmental DGGE profiles from surface sterilised, water-washed or dead thalli were compared subsequently. Molecular identification was made by sequencing the DNA from the resulting bands or cloned fragments obtained after PCR amplification. The two genetic systems used detected similar algal-associated fungi, although the SSU rDNA-DGGE system resolved primarily animal sequences. Prominent fungal DGGE profiles and sequences recovered from healthy and dead algal thalli were similar. These matched those from Corollospora angusta Nakagiri et Tokura, Sigmoidea marina Haythorn et E.B.G. Jones isolates, Acremonium fuci Summerbell, Zuccaro et W. Gams (Zuccaro et al. 2004) , and unidentified lineages within the Hypocreales and Lulworthiales. The association of these (presumably) saprobes with healthy algae prior to decomposition suggests that their relationship with seaweeds might be more complicated than thought previously (Zuccaro and Mitchell 2005) .
Both of the studies incorporating a molecular approach demonstrated the presence of marine fungi known to be active against the chosen substrata. They also identified molecular signals indicating that other fungal groups and cryptic species were present. The diversity of filamentous fungi in these systems, therefore, appears to be more extensive than documented previously.
In coastal environments, the productivity of the system is dependent upon the decomposition of wood, leaves and other plant materials. As in terrestrial systems, fungi play an essential part in this process and yet no key species, on the presence of which other organisms in the community depend, have been identified (Hyde et al. 1998) . The application of molecular techniques with traditional approaches promises to help remedy this situation. Other areas of interest to be explored using these techniques include geographical distribution, succession and competition between marine fungi.
Many wood-colonising fungi appear to display climate specificity, whereas others are reported to be cosmopolitan (Kohlmeyer and Kohlmeyer 1979 , Jones 1985 (Jones 1993 (Jones 1993) . Geographical isolates of C. maritima are physiologically distinct (Bebout et al. 1987) and display different random amplification of polymorphic DNA (RAPD) profiles (Roberts et al. 1996) and mitochondrial RFLP patterns (J.I. Mitchell unpublished). Jones (1963 Jones ( , 1968 and Byrne and Jones (1974) Early fungal settlement on timbers in marine environments is believed to have a significant effect on subsequent colonisation, influencing both growth and sporulation patterns via metabolite control and competition (Jones 2000 , Panebianco et al. 2002 . A more complicated circumstance arises, however, when molecular techniques are employed to assess diversity. PCR-DGGE analysis of wood blocks (Alstonia species, beech, Scots pine) exposed in Langstone Harbour, Portsmouth, UK revealed the presence of so-called early colonisers (C. halima and species belonging to the Lulworthiales) throughout the 9-month exposure period (K.L. Pang and J.I. Mitchell unpublished).
Distinguishing between native and transitory marine fungi
Molecular studies can help to determine if a marinederived isolate is native or transitory in marine systems. Aspergillus sydowii (Bainier et Sartory) Thom et Church is a cosmopolitan saprophytic mould common in marine (oceanic and eulittoral zones) and terrestrial environments (Smith et al. 1996) . Isolates of this saprobe were recovered from the diseased tissues of sea fan corals (Gorgonia ventalina L.), and identified as such after phylogenetic analyses comparing SSU rRNA and trpC gene sequences with those from terrestrial strains (Geiser et al. 1998) . Only the marine isolates used successfully re-infected G. ventalina colonies growing in aquaria. Sequence divergence between the pathogenic and nonmarine isolates was 1.1% for the trpC gene, whereas it was a minimum of 10.1% between all of the A. sydowii isolates and those of A. versicolor (Vuill.) Tirab. Although the genetic differences between the A. sydowii isolates were small, the sea fan pathogens were physiologically and biochemically distinct (Alker et al. 2001) .
Assessing the molecular diversity of substrata directly, using non-culturing techniques, can help identify terrestrial groups that might contain native marine species. In a study examining fungi associated with Fucus serratus, Zuccaro et al. (2003) used PCR-DGGE analysis to initially match sequences recovered from the substratum with those from isolates cultured from surface-sterilised or water-washed material. One DGGE band routinely observed, matching Emericellopsis terricola J.F.H. Beyma LSU rDNA sequences after BLAST searches, co-migrated with those from Acremonium and Emericellopsis.
Species belonging to the genus Emericellopsis are considered to be primarily soil organisms, although some are isolated from marine and saline mud (Tubaki 1973) . Zuccaro et al. (2004) investigated the phylogenetic relationship between these and related Acremonium species by comparing ITS and b-tubulin intron 3 sequences. The majority of marine and saline species formed a separate clade, and were physiologically distinct from the terrestrial ones. One novel species, Acremonium fuci, isolated from Fucus species exhibited enhanced conidial germination in the presence of algal-water extracts. This species shared LSU rDNA sequences identical to those detected environmentally from algal thalli (A. Zuccaro unpublished).
Species redundancy in marine environments
The presence of several species performing the same function in an ecosystem is termed species redundancy, and it is deemed to be a valuable commodity enhancing, or stabilising, performance reliability within ecosystems (Naeem and Li 1997) . Molecular diversity assessments of genes, or their products, known to be involved in ecological processes can give insights into functional roles played by fungi in critical ecosystems (Miller 1995) . Laccases are extracellular enzymes that are essential for lignin degradation in some fungi (Ander and Eriksson 1976, Eggert et al. 1997) . Lyons et al. (2003) surveyed the sequence variation present in the ascomycete laccase gene associated with decaying Spartina alterniflora in a salt marsh. They recorded 15 distinct ascomycete laccase sequence types from isolates and directly from the cord grass decaying blades; 13 types were identified from cultures isolated from the decaying blades, and 2 sequence types recovered from the environmental clone library were novel.
A comparison between the laccase and ITS clone libraries revealed that both were dominated by sequences from three fungi: Phaeosphaeria halima, P. spartinicola and a Mycosphaerella species. The novel laccase sequences were present in the library representing the early stage of blade decay. It is unclear at present whether this diversity is a true representation of species redundancy. Many of the isolates contained multiple copies of the laccase genes. Furthermore, it is not known whether each of these laccase types performs the same function in the environment. It is feasible that some of the laccases may target different substrates and that the fungi may be involved in other processes.
Future developments
Little is known about the diversity of microeukaryotes in marine environments (Patterson 1999) . The presence of novel fungal lineages, as well as known ones, in relatively unexplored regions remains a tantalising possibility. In a study of marine microeukaryote diversity, Stoeck and Epstein (2003) constructed SSU rDNA gene libraries for microaerobic water column and anoxic sediments. For the water column they observed 69 unique ARDRA profiles from 100 clones that were dominated by stramenopile and aveolate sequences, but which also contained green algae, cercozoans and fungi (primarily oomycetes). The fungal, aveolate and cercozoan sequences were divergent from their closest relatives by at least 5%, suggesting the presence of novel lineages. Within the anoxic sediment library, the majority of sequences matched those from stramenopiles and aveolates followed by cercozoans, but one of these phylotypes appeared to be fungal.
Diversity assessment is one component of fungal ecology concerning any environment. Filamentous fungi have an indeterminate lifestyle generating variable morphological structures that respond to changes in environmental conditions, and resource availability and distribution. These changes in lifestyle are dynamic and result in differences between the frequency of occurrence and surface area covered by particular species Koch 1997, Sarma and Hyde 2001) . The adoption of molecular techniques to follow these changes in distribution requires the development of other systems that allow them to be distinguished and identified easily. Such techniques would include fluorescent in situ hybridisation (FISH) and the development of target genes, or their products, that distinguish between different morphological states.
The development and application of macro-and microarrays should help accelerate diversity screening. Such systems have been developed for bacterial diversity assessments at different levels. A series of PhyloChips and sequence databases are available for sulphate-reducing bacteria (SRP-PhyloChip: Loy et al. 2002; and 'Rhodocyclales' RHC-PhyloChip: Loy et al. 2005) . These macroarrays comprise rRNA-targeted oligonucleotide probes that are designed according to a 'multiple probe concept'. In this approach, multiple oligonucleotide probes are used to detect target organisms at different or the same phylogenetic level. This allows a hierarchical screen to be applied at different levels of specificity in a single array. If sequence databases are available via a search algorithm, such as ARB (Ludwig et al. 2004) , it is possible to link environmental sequence or community profile information directly into a phylogenetics context.
Application of stable isotope probing (SIP) techniques allows organisms that are directly involved in an ecological process to be identified molecularly (Wagner and Taylor 2005) . These methods allow the separation of DNA or RNA molecules that have incorporated a stable isotope from a target molecule or compound. Amplification of rDNA or rRNA from the enriched source in conjunction with a profiling technique then provides a method for identification. Lueders et al. (2004) recovered sequences with homology matches to Fusarium species utilising methanol in oxic rice field soils with this technique.
The application of molecular techniques in marine fungal ecology is in its infancy. It is apparent from these early studies that sequence information obtained directly from an environment cannot be interpreted in isolation. The problems associated with sequence identification using databases (Bridge et al. 2003) necessitate the need to work with local culture collections, type species and environmental clone libraries. Future developments in hybridisation macro-and micro-arrays are reliant on the construction of reliable sequence databases.
